INTRODUCTION
Today, dental implants are a routine treatment for anchoring prostheses in edentulous jaws. The osseointegration of these implants with the surrounding bone tissue strongly influences the success and longevity of the implant. Clinically, a wide range of implant surfaces are available with different surface topography and chemistry.
It has been suggested that rougher surfaces, compared with the original turned implant, have a tendency to improve bone formation [1] and increase biomechanical fixation [2] . However, the number of randomized controlled clinical trials comparing different dental implants are few, and no particular implant surface could be concluded to be superior [3] . Further, a limited number of ultrastructural analyses of clinically retrieved implants have been published, leaving a lack of understanding of the bone-bonding process.
A novel partially laser-modified implant combines the best-documented turned implant surface with a roughened surface to increase early bone fixation. Experimental studies in rabbits have shown a 250 per cent increase in the biomechanical retention after eight weeks' healing [4] , and more than 170 per cent higher removal torque after six months' healing [5], compared with turned implants. No adverse tissue reaction was detected around the implants and no major difference was found at light optical resolution when evaluating the histology [4, 5] . Further, on an ultrastructural level, an intimate contact between mineralized bone tissue and the laser-modified surface was found, where calcium and phosphorus were documented in the nano-structured surface oxide [5] .
The aim of this study was to evaluate two partially laser-modified implants retrieved from the human mandible after two and a half months' healing. Light optical and transmission electron microscopy (TEM) resolution analyses were performed to evaluate the interfacial bone-bonding ability on both the micro-and nano-level.
MATERIAL AND METHODS

Case report
Six implants (BioHelix; Brånemark Integration AB, Sweden) with a length of 13 mm and a diameter of 3.75 mm were installed in the lower jaw of a 66-year-old male edentulous patient. The bone quality was judged as class II bone with a moderate density [6] . The patient was treated in a two-stage procedure according to the original Brånemark protocol with a shortened healing period of two and a half months. Owing to anatomical and topical reasons, only four implants were used in the supraconstruction, and, to prevent future hygienic problems, two fixtures were removed (from regions 32 and 43) at the time of the second-stage surgery. The fixtures were removed under local anaesthesia with a trephine drill with a diameter of 4.25 mm and sent to Biobank 513 at Sahlgrenska Academy at the University of Gothenburg, Göteborg, Sweden.
Surface analysis
Implant surface analysis was performed using a Leo Ultra 55 (Leo Electron Microscopy Ltd, UK) scanning electron microscope (SEM) operated at 5 kV.
Histological evaluation
The implants with surrounding tissue were processed for histology and ground sections were prepared by sawing and grinding [7] . In brief, after fixation in formalin, dehydration in a graded series of ethanol and embedding in plastic resin, a central ground section was prepared by sawing along the long axis of the implant. The final ground sections (15 -20 mm in thickness) were stained with toluidine blue prior to histological examination in an optical microscope (Nikon Eclipse E600). Quantitative histomorphometry was performed by measuring the amount of bone in direct contact with the implant and the bone area within the threads. All threads along the entire implant were considered for the quantification.
Ultrastructural interface analysis
The remaining implant-tissue bloc was polished and coated with palladium prior to focused ion beam (FIB) (FEI Strata DB235 FIB/SEM; FEI Company, The Netherlands) machining. A total of four electron-transparent (approx. 100 nm) samples of the implant-tissue interface were prepared using an in situ lift-out system [8] : two from laser-modified areas and two from turned areas of the implant. The TEM analysis was performed using an FEI Tecnai F30 ST (FEI Company). Bright-field TEM and high-angle annular dark-field scanning TEM (HAADF-STEM) were used for imaging and elemental analysis was performed using energy-dispersive X-ray spectroscopy (EDS).
Electron tomography
Single-axis Z-contrast electron tomography was performed on one of the samples from the laser-modified surface using an FEI Titan 80-300 (FEI Company). Automated focusing, image shifting and acquisition of HAADF-STEM images over an angular range of 1508 were achieved using the INSPECT 3D software (FEI Company). A linear tilt scheme was employed, with image acquisition increments of 28 up to angles of +608, and 18 for further angles up to +758. The three-dimensional reconstructions were computed using a simultaneous iterative reconstruction technique in INSPECT3D (FEI Company). Models for three-dimensional visualization were created in Amira Resolve RT FEI (Visage Imaging Inc., USA).
RESULTS
Surface analysis
SEM analysis of the native implant showed the dual surface structure, a combination of the turned surface and the laser-modified surface. The turned surface was dominated by a rather smooth morphology and occasional machining debris. In contrast, the laser-modified area showed micro-sized spherical globules, originating from the melting and resolidification of material occurring during laser ablation. At higher magnification, a distinct nano-structure was observed (figure 1).
Histological evaluation
Histological analysis showed bone formation around and in direct contact with the implant surface. The hollow apex was filled with bone tissue, mainly trabecular bone and bone remnants from the surgery, undergoing active modelling and remodelling. Bone tissue had extended into the threads from the surrounding bone tissue, as well as formed in the bottom of the threads, appearing to extend outwards (figure 2). No morphological signs of adverse events, such as the presence of inflammatory infiltrates, were detected.
Quantitative histomorphometry showed that both retrieved partially laser-modified implants had about the same bone-implant contact, 32 and 31 per cent, respectively, while the bone areas within the threads around the implants had 25 and 31 per cent, respectively.
Ultrastructural interface analysis
TEM micrographs showed mineralized bone tissue in direct contact with the laser-modified surface. Collagen banding was observed perpendicular and in close proximity to the surface oxide, indicating that the collagen fibres were laid parallel to the implant surface (figure 3a). At higher magnification, an intimate and entangled Report. Nano-scale osseointegration in human A. Palmquist et al. 397 contact between the mineralized bone tissue and the 100-400 nm thick nano-structured surface oxide was observed. Bone tissue visible inside the oxide (figure 3b) was confirmed by elemental analysis, where the coexistence of calcium, phosphorus, titanium and oxygen was found over a range of 100 nm ( figure 3c,d ).
In contrast, the turned surface showed the mineralized bone tissue at a distance from the surface separated by a plastic resin-filled crack, probably an artefact from the embedding process. Elemental analysis did confirm the presence of calcium and phosphorus at the turned titanium surface. These remnants indicated that the mineralized bone had been in contact with the surface prior to the artefact created during sample preparation.
Electron tomography
Electron tomography of the interface between the laser-modified surface and bone was performed. Hydroxyapatite (HA) formation in the collagenous matrix appeared aligned with the fibre direction, while a denser HA was visible close to the implant surface, encompassing the nano-structured titanium oxide (figure 4a). By using coloration of the different contrast levels, the three-dimensional nano-structures of the 398 Report. Nano-scale osseointegration in human A. Palmquist et al.
HA-encompassed titanium oxide could be highlighted and clearly differentiated from the bulk (figure 4b).
DISCUSSION AND CONCLUSION
Histological and ultrastructural characterization of osseointegration is important for a deepened understanding of bone tissue bonding to implant surfaces. An additional value is obtained by analysing osseointegrated implants retrieved from humans. Consistent with experimental animal models of similar surface treatments, light optical histomorphometry exhibited bone tissue growth directly at the implant's modified surface and significantly higher bone -implant contact in the laser-modified thread valleys compared with turned surfaces [4] , indicating the osteoconductive property of the altered surface topography and chemistry. Similar values of bone -implant contact for retrieved screw-shaped dental implants have been reported in the literature for turned implants [9] . Further, it has been shown that surface properties influence cell behaviour in vivo, resulting in a significant upregulation of gene expression for bone remodelling on oxidized implants [10, 11] .
On the ultrastructural level, the present results in humans are in agreement with previous findings for the same surface treatments in experimental animal models [5, 12] . Intimate contact was demonstrated between the laser-modified surface and mineralized bone, while separation and embedding artefacts prevented the preparation of an intact TEM sample of the turned surface. It has been postulated that the difficulties associated with FIB techniques on smoother implant interfaces is probably partly due to volume reduction of the tissue, related to fixation and dehydration, and partly due to minimal biomechanical integration needed to withstand tensions at the immediate interface. However, a small amount of biological tissue is always present at the immediate interface of FIB-produced specimens [5, 13] , confirming a preparation artefact rather than a lack of osseointegration on the nano-level. For the laser-modified surface, intact samples could be readily prepared by FIB, and showed an intimate contact between the surface oxide and bone tissue using TEM. By the use of site-specific chemical analysis in the TEM, elemental information showed a mineralized implant-bone interface. This observation stands in contrast to earlier TEM studies using other preparation techniques that usually showed an amorphous zone closest to the surface of retrieved oral implants from humans [9] . Other interfaces suggested in the literature involve a direct bone-implant contact at the TEM level [14, 15] , bonding through a cement line-like layer [16] or a 20-50 nm electron-dense layer at the interface [17] .
The coexistence of titanium, oxygen, calcium and phosphorus signals at a distance of about 100 nm from the implant surface indicate a bone ingrowth in the nano-structured surface oxide. However, few techniques are available for further characterization of this zone between the implant and the characteristic banding patterns of the collagen fibres. A recent development in electron tomography enables three-dimensional imaging over the interfacial zone [18] . In the present study, the alignment of the HA crystals in the collagenous matrix was parallel to the collagen fibres, similar to recent observations for HA implants [18] . In addition, the formation of an apatite layer encompassing the nanostructured surface oxide could be clearly visualized by the three-dimensional imaging technique. However, the exact borders between apatite and the nano-irregularities of the surface oxide are difficult to distinguish without the use of elemental analysis in conjunction with electron tomography. This is the first ultrastructural report on laser-modified retrieved human dental implants studied using both TEM and electron tomography. The intimate contact between bone apatite and implant surface oxide indicates that nano-scale osseointegration occurs between laser-modified surfaces and human bone. Report. Nano-scale osseointegration in human A. Palmquist et al. 399 
